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FOREWORD

This report was prepared by The Marquardt Corporation, Van Nuys,
California under National Aeronautics and Space Administration Contract NAS 8-5298.
The work was administered under the direction of the Propulsion and Mechanics
Branch of the Propulsion and Vehicle Engineering Division of the George C. Marshall
Space Flight Center, Huntsville, Alabamas. Mr. Robert Middleton was Technical Su-
pervisor for the Propulsion and Mechanics Branch. Dr. Aaron Rose was Program Man-
ager for The Marquardt Corporatiocn.

This is the final report for studies begun in June 1963 and concluded
in February 1964. The chief contributors to these studies and their fields of
interest are: T. A. Sedgwick, system application and heat transfer studies;

A. Malek and E. J. Yates, component design studies; and R. McGlone, cycle studies.
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I. SUMMARY

General criteria are developed for the application of reliquefiers to
eliminate propellant boil off losses in space and lunar storage systems. Combina-
tion of these criteria with conservative estimates of the mass and performance of
reliquefiers for liquid hydrogen storage systems at lunar equatorial sites indi-
cates the following: For a storage duration of 12 lunar days (approximately one
earth year) the total masses which must be transported to supply & fixed mass of
ligquid hydrogen at the end of the storage period can be reduced 14 and 28 percent
by the use of reliquefiers for 20 and 10-foot diameter storage tanks, respectively.
Operation of these reliquefiers only during the lunar night results in unvented
tank pressure increases during the daylight hours of only 5 and 12 psi, respective-
ly, and is, therefore, considered feasible. This mode of operation permits the re-
liquefier waste heat to be radiated to space using comparatively low radiator tem-
peratures. This in turn permits the use of relatively simple reliquefier cycles
which could not otherwise be employed.

Preliminary reliquefier component analysis and design studies tend to
substantiate the initial reliquefier mass and performance estimates. These studies
also indicate that nuclear power systems presently under development, such as SNAP
2, result in a mass chargeeble to the reliquefier which is a small fraction of the
mass of hydrogen recovered by reliquefaction. More advanced nuclear power systems
will result in an almost negligible fraction of the total mass chargeable to the
religuefaction system.

II. INTRODUCTION

The objective of the studies reported herein is the evaluation of the
feasibility of employing hydrogen reliquefiers to reduce or eliminate boil off
losses from lunar and space liquid hydrogen storage systems. The emphasis is on
storage periods of the order of one earth year at a lunar equatorial site. The
sequence of presentation of the studies conducted to accomplish this objective is
as follows: The general conditions under which the use of a reliquefier is advan-
tageous are derived. The criterion employed is that the use of a reliquefier shall
result in a reduction in the total mass which must be transported in order to sup-
ply a given mass of hydrogen at the end of a specified storage period. The re-
sulting conditions are combined with preliminary estimates of the performsnce and
mass of a reliquefier for a lunar equatorial site. From this combination, it is
shown that substantial savings in the total mass transported can be effected. The
remainder of the studies reported constitute an initial verification of the re-
liquefier performance and mass estimates. The feassibility of operating the re-
liguefier only during the lunar night is first confirmed. This result provides a
basis for the selection of radiator temperature levels and thereby has a funda-
mental influence on the selection of potential reliquefier cycles for the compara-
tive cycle study which follows. Finally, the results of representative cycle
analyses are employed as the bases for component analyses and conceptual design
studies.

Wherever the thermodynamic properties of hydrogen are required, para-
hydrogen data and 20.4°K equilibrium hydrogen data are used interchangeably. The
Justification for this and the conversion factors and enthalpy datum shifts asso-
ciated with the several sources of data employed are presented in Appendix A.
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ITT. APPLICATION STUDIES

A. Reliquefier Application Criteria

l. Genersl Criteria

The fundamental assumptions and principal results of a comparative
analysis of two liquid storage systems--one with a reliquefier and one without a
reliquefier--are presented herein. The reader is referred to Appendix B for a de-
tailed derivation of the results. The purpose of the analysis is to determine
under what conditions the use of a reliquefier will result in a reduction in the
total mass which must be transported in order to supply a given mass of liquid at
the end of a specified storage period. It is, of course, only valid to compare the
best storage system with a reliquefier to the best storage system without a re-
liquefier. Accordingly, the total mass transported is minimized for each of the
two systems.

A In spite of the frequent reference to liquid hydrogen in Appendix
B, the analysis is in fact applicable to liquid storage systems in general. Fur-
ther, the results are independent of the environmental conditions and the storage
tank construction. It is assumed merely that these are the same for both storage
systems.

In the case of the storage system without -a reliquefier, the
total mass transported is minimized with respect to the mass of insulation employed
on the storage tank. The minimization is primarily a trade between the insulation
mass and the mass of the boil off losses. The boil off losses are inversely pro-
portional to the mass of insulation (and directly proportional to the storage
period). Thus, although an increase of insulation mass is directly reflected as an
increase in total mass transported, it indirectly tends to decrease the total mass -
transported by reducing the boil off losses. The result of these two opposing
trends is a minimum in the total mass transported. This minimum occurs when the
insulation mass is equal to the sum of the boil off mass and an assoclated incre-
mental tank mass. The incremental tank mass constitutes a small refinement in the
analysis to take into account the fact that, if a specified mass of liquid is to
be supplied at the end of the storage period, the tank storage capacity must exceed
this specified mass by the mass of the boil off losses. The incremental tank mass
is assumed to be directly proportiocnal to the mass of boil off losses.

In the case of the storage system with a reliquefier, the total
mass transported is minimized with respect to the mass of insulation and with re-
spect to the mass of the boil off which is reliquefied. The mass of the relique-
fler is assumed to be directly proportional to the religuefaction mass flow rate.
The constant of proportionality is termed the reliquefier specific mass and has
typical units of 1b/(1b/hr) or simply hr. By writing the total mass transported
as the algebraic sum of the various contributions, by introducing the proportionali-
ties indicated previously, and then by comparing the result with the similar expres-
sion for a system without a reliquefier, the following general criteria are rigor-
ously derived in Appendix B: If the specific mass of the reliquefier is less than
the time period of storage then the use of a reliquefier will result in a reduction
in the total mass transported and the reliquefaction mass flow rate should be made

HNCIASSIFIFD -2 -



J??%L¢EE!§7

MAC A6T3

as large as possible in order to minimize the total mass transported. The largest
possible reliquefaction mass flow rate is that corresponding to reliquefaction of
all the boil off. That these results are reasonable can be demonstrated as fol-
lows: The first portion of the results may be restated as: If the product of the
reliquefier specific mass and the reliquefaction mass flow rate.is less than the
product of the time period of storage and the reliquefaction mass flow rate, then
the use of a reliquefier will result in a reduction in the total mass transported.
These two products are equal to the mass of the religquefier and the mass of liguid
recovered by the use of the reliquetier, respectively. Clearly, df the former is
less than the latter, Use of a reliquefier will result in a reduction of the total
mass transported.

The minimization of the total mass transported with respect to the
insulation now becomes a trade between the insulation mass and the reliquefier mass{
As the insulation mass is decreased, the boll off rate and hence the reliquefaction
rate and the reliquefier mass increase. A minimum is found to occur when the in-
sulation mass and the reliquefier mass are egqual. The value of the insulation mass
at this minimum is less than the corresponding value for the storage system with-.
out a reliquefier. '

2. Application to Lunar Hydrogen Storage

The results of the analysis described above are applied herein to
the storage of liquid hydrogen at a lunar equatorial site. A storage period of
twelve lunar days, 8505 hours, or approximately one earth year, is considered. A
liquefier specific mass of 1000 1b/(1b/hr) is estimated for this application.
(Based on the cycle studies and component design studies reported in later sections
of this report, it is believed that this estimate of specific mass is conservative,
that is, that lower values can be achieved.) This specific mass is considerably
less than the duration of storage and hence, from the preceding discussion, appli-
cation of a reliquefier is indicated.

Two comparisons are made between storage systems with and without
a reliquefier: One for a 20-foot diameter spherical storage tank and the other
for a i0-Cfoot diameler tank. Data for the systems without religuefiers are taken
from the comprehensive study of cryogenic propellant lunar storage reported in
Reference 1. These data are the masses of hydrogen stored, the hydrogen lost by
boil off, the tank structure, and the tank insulation. These are presented in the
first and third columns of Table I for the 20-foot diameter tank and the 10-foot
diameter tank, respectively. In both cases, the condition required to minimize
the total mass transported (per unit mass of hydrogen available at the end of the
storage period) is satisfied. That is, the mass of hydrogen boiled off is equal
to the insulation mass. The data for the systems with reliquefiers are derived
from those without reliquefiers as follows: The tank structure mass is the same.
The insulation mass is obtained from the expressions derived in Appendix B for the
insulation masses which minimize the total mass transported with and without a
reliquefier. Combining these expressions indicates that the ratio of these two
insulation masses is equal to the square root of the ratio of reliquefier specific
mass to the storage duration. In obtaining this result, the incremental tank mass
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~the tank diameter is reduced, the storage capacity decreases in proportion to the

term included in the Appendix B analysis is deleted because this effect is taken
into account herein by deducting the hydrogen boil off losses from the tank storage
capacity to yield the mass of liquid hydrogen available at the end of the storage
period. The reliquefier mass should, as noted previously, be made equal to the
insulation mass.

The total mass transported per unit mass of hydrogen available
at the end of the storage period is presented in the next to the last row of Table
I. For the 20-foot diameter tank, the use of a religuefier reduces the Lolal wass
which must be transported by 14 percent and for the 10-foot diameter tank by 28 ,
percent. (The fact that the second reduction is just twice the first is coinci-
dental.) The use of a reliquefier becomes more attractive as the tank diameter is
reduced because the percentage boil off tends to be greater for smaller tanks. As

diameter cubed, whereas, the surface area and therefore the heat transfer rate and
the boil off losses, are reduced only in proportion to the diasmeter squared.

B. Night Only Operation of Religuefier

The waste heat associated with the operation of the reliquefier must
be dissipated. Due to the absence of a lunar atmosphere, it appears that the most
probable technique for this dissipation is radiation to space. For a lunar equa-
torial site, this is much easier to accomplish during the lunar night when the
radiator need not be shielded from solar radiation and when the lunar surface is
cooler. Accordingly, the possibility of shutting down the operation of the re-
liquefier during the lunar day and allowing an unvented hydrogen storage tank to
rise in pressure and temperature is considered.

A general study of liquid hydrogen storage tank thermal transients is
described in Appendix C. It is concluded from this study thabt the only significant
contribution to the change of energy storage during the transient is the change of
the hydrogen internal thermal energy. The changes of tank shell internal thermal
energy and strain energy were investigated and found to be negligible. These re-
sults are applied here to the two tanks with reliquefiers discussed in the previous
section. The changes of hydrogen internal thermal energy are evaluatcd from Figure
C-1 which is based on the assumption there is no significant temperature stratifi-
cation within the stored liquid. This assumption is probably valid only if specifid
provisions for minimizing the effects of stratification are incorporated in the sys-
tem design. One possibility is circulating vapor from the top of the tank up
through the liquid (which tends to become subcooled during the daytime transient
due to the rise in tank pressure). This might be accomplished using one of the re-
liquefier compressors and suitable valving.
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TABIE I
i ) HYDROGEN RELIQUEFIER APPLICATION STUDY
Storage period = 12 lunar days (Approximately one earth year)
Minimum total mass systems at a lunar equatorial site
20-ft Diameter Tank 10-ft Diameter Tank
] Without With Without With
Reliquefier Reliquefier Reliquefier Reliquefier
Tank structure 1,860 1bs 1,860 1bs 232 1bs 232 1bs
i Tank insulation 2,200 lbs 753 1lbs 550 1bs 188 1bs
Reliquefier¥ - 753 1bs - 188 1bs
Initial hydrogen mass | 18,610 lbs 18,610 1bs 2,324 1bs 2,324 1bs
Total mass transported | 22,670 lbs 21,976 1lbs 3,106 1lbs 2,932 1lbs
Hydrogen boil off 2,200 1bs - 550 1lbs - |
Hydrogen available 16,410 1bs 18,610 1lbs 1,774 1bs 2,324 1bs
%;ZioZZ§n:$Z§§:%le 130 (lh%.igéuction) Lot (28%.32§uction)
Reliquefaction rate -- 0.753 1b/hr - 0.188 1b/hr

* Includes all mass chargeable to religuefier (e.g., nuclear electrical power source)

MAC AST2
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Multiplying the hydrogen boil off masses of Table I by the latent
heat of vaporization (190 Btu/lb at the 15 psia storage pressure of the Reference
1 studies) yields for the total amounts of heat transferred through the tank in-
sulation during 12 lunar cycles 418,000 Btu and 104,500 Btu for the 20-foot diame-
ter and 10-foot diameter tanks, respectively. The amounts of heat transferred per
lunar cycle are one-twelfth these or 34,800 and 8,700 Btu, respectively. The
amounts of heat transferred are inversely proportional to the insulation mass (for
a fixed tank surface area). Thus, for the tanks with reliquefiers, the total
amounts of heat transferred per lunar cycle are 101,600 and 25,400 Btu, respecs:
tively. The vast majority of these amounts of heat are transferred during the day-
light hours (Reference 1). Assuming the total amounts are transferred during the
daylight hours will, therefore, only slightly overestimate the rise in tank tem-
perature and pressure. Using this assumption and dividing the amounts of heat
transferred by the respective masses of stored hydrogen yields the changes in hy-
drogen internal thermal energy, namely, 5.46 Btu/lb and 10.92 Btu/lb for the 20-
foot diameter and 10-foot diameter tanks, respectively. Assuming a 10 psia tank
pressure at the dawn of the lunar day, the pressures at sunset are (from Figure
C-1 of Appendix C) only 15 psia and 22 psia. It is concluded, therefore, that
operation of the reliquefiers only during the lunar night is feasible. It should
be noted that, under these conditions, the reliquefaction flow rates of Table I
should be interpreted as average values over a complete lunar day. Since the re-
liquefiers are operated only approximately half the time, the design reliquefac-
tion rates must be made twice these average values.

Iv. CYCLE ANALYSES

A. Hydrogen Cycles Without Expanders

Hydrogen cycles that do not use expanders or other means to remove
energy from the fluid in the form of mechanical work are dependent entirely upon
the Joule-Thomson effect for cooling. The Joule-Thomson effect is a reducticn of
temperature resulting from an adiasbatic reduction of pressure. This effect is
described with the aid of the temperature-entropy diagram of Figure 1 and the
schematic of the Hampson cycle shown in Figure 2. The Hampson cycle is the
simplest of all cycles which rely upon the Joule-Thomson effect. Its operation
is as follows: low pressure saturated hydrogen vapor from the tank, Point 1 in
Figure 2, is heated in a counterflow heat exchanger and then compressed to a high
pressure. A substantial hydrogen temperature rise cccurs through the compressor.
However, this is offset by the cooling in the waste heat radiator through which the
hydrogen-next passes. The Highipressuresgas stream is -then:cooled: by counter Flow
heat transfer to the low pressure stream and finally expanded through a valve into
the storage tank. The Joule-Thomson cooling resulting from the pressure drop
through the valve produces a partial liquefaction of the gas.

Paradoxically, while the only Joule-Thomson cooling occurs in the ex-
pansion valve, the application of the Hampson cycle is limited by the existence of
the Joule-Thomson effect for the conditicns at the top of the heat exchanger. Con-
sider an energy balance for a control volume containing the heat exchanger, the
expansion valve, and the hydrogen tank of Figure 2. A hydrogen stream leaves this
control volume at Point 2, and an equal flow rate hydrogen stream enters the con-
trol volume at Point 4. Now if there is to be any net removal of energy from this
control volume and hence any liquefaction of hydrogen vapor, the energy leaving the
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control volume must exceed the energy entering the control volume. These energies
are the respective products of mass flow rate and enthalpy. Thus, since the flow
rates are the same, the enthalpy at Point 2 must exceed that at point 4. Now for
heat transfer to take place, the high pressure flow temperature must be greater
than the low pressure flow temperature at every point in the heat exchanger. In
particular, the temperature at point 4 must exceed that at point 2. These two
inequalities are noted on the temperature-entropy diagram of Figure 1. For the
particular radiator exit state indicated (point h) the inequalities can only be
simultaneously satisfied if the compressor inlet state (point 2) lies in the ..
shaded area. Further, unless the lemperalure decredases as Lhe pressure is reduced
at constant enthalpy as shéwn for the region between the pressures of points 4 and
2, the inequalities cannot be simultaneously satisfied. Statéd in other words,
there must be a positive Joule-Thomson effect.

The preceding arguments could be applied to any location in the heat
exchanger. It is applied to the top of the heat exchanger of Figure 2 because the
highest temperatures occur there and the Joule-Thomson effect decreases with in-
creasing temperature. For parahydrogen, the (positive) Joule-Thomson effect
vanishes at temperatures above 360°R. Theoretically, temperatures approaching
this value could be employed. However, on a practical basis, substantially lower
temperatures must be employed. A 200°R radiator exit temperature was employed in
all of the cycle analyses described herein. A number of other somewhat arbitrary
selections of cycle operating conditions were used. The general philosophy was to
employ the same reasonable, although not necessarily optimum, conditions throughout
the cycle studies. For example, the 4°R temperature difference at the top end of
the heat exchanger was a compromise between the temperature and enthalpy inequali-
ties which must be satisfied.

Another important consideration is the pressure drop through the low
density side of the heat exchanger. This pressure drop affects the heat transfer
rate and, therefore, the size of the heat exchanger. However, it also affects the
compressor and radiator requirements. Joule-Thomson cooling is negligible below
pressures of 100 to 200 psia at the heat exchanger exit temperature (196°R). Al-
though compressor work is added in the low pressure range, it adds no cooling value
and enlarges both the compressor and radiator. Therefore, the pressure drop
through the low density side of the heat exchanger chould be held tc rclatively
small values. A value of 2 psia was selected. The high density side pressure drop
was regulated to provide the maximum temperature differential at the cold end of
the heat exchanger.

A summary of the conditions employed in the analysis of all cycles,
with or without expanders, is as follows:

1. Hydrogen reliquefied per hour = 1 1b
2. Hydrogen storage tank pressure = 10 psia
3. Radiator exit temperature =.200°R

L. Heat exchanger pinch temperature = L°R
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5. Minimum allowable pressure drop through low density side of heat
exchanger system = 2 psia

6. Pressure drop through high density side of heat exchanger system
regulated to provide maximum temperature differential at cold end

7. Rotating machinery isentropic efficiency = 65
8. Pressure drop through radiator system = 5%

Figure 3 shows the effect of varying the radiator exit pressure on
the compressor power required for the Hampson cycle. The minimum power occurs at
a pressure of approximately 1500 psia. Above this pressure, the increase in the
Joule~Thomson cooling is slight and the recirculating mass flow rate does not de-
crease sufficiently to overweigh the additional enthalpy rise across the compres-
sor. Below 1500 psia the converse is true. The mass flow rate increases so
rapidly that although the compressor enthalpy rise is decreasing the net result
is an increase in powver.

Figures 4, 5, and 6 are schematics of Hampson cycles with one, two,
and three stages of intercooling. These systems were studied to determine the de-
sirability of using a series arrangement of compressors and radiators as a means
of reducing power and radiation requirements. The final radiator exit pressure
was held at 1500 psia and the compressor pressure ratios were held constant in each
series. Constant pressure ratio compressors provide the minimum total compressor
pover using a perfect gas, which hydrogen nearly is at these conditions. The re-
sults show a large decrease in compressor power with one stage of intercooling and
smaller decreases with each additionél stage. The first stage drops the horsepower
from 10.75 to T7.88, a 26 percent reduction. The second and third stages show much
smaller successive drops. With two and three stages, the horsepower is T7.42 horse-
power and T.02 horsepower, respectively. This is a drop of approximately 5 percent
per stage.

Further reductions in compressor power requirement were made with dual
pressure cycles. 1In dual pressure cycles, the flow is divided into a high pressure
refrigeration loop and a low pressure loop in which the flow out of the tank is
compressed to replenish the refrigeration locp. The power is reduced by circulating
only a small portion of the total mass flow in the low pressure loop where the
Joule-Thomson cooling is negligible and recirculating the majority of the flow in
the high pressure refrigeration loop.

Figure T shows a dual pressure cycle with one stage of low pressure
loop intercooling integral with the intermediate pressure loop. The minimum com-
pressor power (3.60 HP) was found by varying both the high pressure loop radiator
exit pressure and the amount of expansion into the mixed phase region in the re-
circulation loop (See Figure 8). The pressure drop through the recirculation leg
of the heat exchanger was kept small (2 psia) to reduce the enthalpy rise through
the compressor. Minimum power occurs at a radiator exit pressure of 1500 psisa, the
same value as that in the Hampson cycle study. The graph shows that expanding to
a pressure of 150 psia results in minimum power. Additional expansion results in
an enthalpy rise in the high pressure loop that overweighs the accompanying reduced
flow rates.
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A schematic of a dual pressure cycle with one stage of primary loop
intercooling is presented in Figure 9. This cycle differs from the previous dual
pressure cycle in that the primary (low mass flow) loop mixes with the high pres-
sure recirculating loop after it has been compressed to a high rather than to an
intermediate pressure level. The minimum power of 4.772 HP is considerably higher
than in the preyvious cycle. It was found by varying the amount of expansion in
the recirculation loop (See Figure 10). A radiator exit pressure for both loops
of 1500 psia was assumed to provide the minimum power as in previous cycles. Fig-
ure 11 shows that the power requirement in the primary lcop can be reduced by 3
percent ir the compressor pressure ratios are varied Lo Lake advantage of the im-
perfect gas characteristics.

In Figure 12, cooling of the saturated liquid between expansions has
been added to the dual pressure cycle with one stage of primary loop intercooling.
The variation of compressor power with the recirculation loop expansion pressure
(shown in Figure 13) was based upon holding the 4° pinch temperature ground rule
for both heat exchangers and splitting the 2 psia pressure drop between the heat
exchangers in the tahk outflow leg between Stations 1 and 3. The minimum of 4.50
HP is a slight improvement over cycles without cooling in the low temperature
regime and it occurs with somewhat less expansion in the recirculation loop.

B. Hydrogen Cycles with Expanders

Hydrogen cycles with expanders are not limited to Joule-Thomson cool-
ing alone. The energy removed from the fluid by the expander adds to the Joule-
Thomson cooling and thereby results in lower flow rates and reduced power require-
ments.

Figure 14 shows a schematic of a cycle employing one stage of inter-
cooling and an integral high temperature refrigeration loop with one expander. Al-
though doing a bigger percentage of the cooling, the flow rate in the recirculation
loop has been reduced to less than one-tenth the flow rates in the recirculation
loops without expanders.

The variation of compressor power with expander exit pressure is
shown in Figure 15. A power reguirement of 2.40 HP wae selected rather than the
actual minimum (2.16 HP) on the basis of a much lower expander pressure ratio. The
small increment in power did not appear to warrant an increase in expander pressure

ratio of a factor of u4.

In Figure 1L, the majority of the cooling was done in the high tenm-
perature refrigeration loop. This loop consumed only a fraction of the total com-
pressor power. A cycle was designed that would separate the loops and eliminate
the need for high compression in the primary loop, thereby, reducing the compressor
enthalpy rise. If the primary loop flow rates remain low enough, the result would
be a lowering of the compressor power in this loop. The cycle is shown in Figure
16. The interaction between the mass flows and compressor pressure ratios of both
loops were simultaneously investigated to determine the amount of primary loop com-
pression and refrigeration loop expansion that would result in the minimum total
compressor power. Figure 17 shows the effect of changing either of the variables
while holding the other constant. The 1.58 HP shown for the expander exit pressure
of 10 psla and radiator exit pressure of 1500 psia represents the minimum power
for this cycle.
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A Claude-Heylandt cycle. is shown in Figure 18. 1In Claude-Heylandt
cycles, the fluid is expanded from the high pressure side of the cycle to the low
pressure side. The compressor power is found by varying the expander inlet pres-
sure and temperature. The expander exit pressure is fixed by the storage tank
pressure and the pressure drop through the low density side of the heat exchanger
between the tank and expander.

The data shown in Figure 19 indicate that the pressure drop through
the heat exchanger between the radiator and expander should be held to a minimum.
This plot is based upon the 1500 psia radiator exit pressure previously found to
provide maximum cooling per unit compressor power in nearly all cycles, and not
limiting all radiator to a pinch temperature of 4°R. The minimum power was found
to be 1.84 HP at an expander exit temperature of 176.5°R.

The results of Figure 20 indicate that by lowering the radiator exit
pressure to 720 psia and holding the pressure drop to 2 psia through the heat ex-
changer between the radiator and expander, the compressor power requirement can be
lowered to 1.54 HP.

Figure 21 represents the first approach to solving a Claude-Heylandt
cycle with two expanders and two stages of intercooling. The compressor power
shown does not represent a minimum for the cycle. The compressor power is found
by varying the top expander inlet temperature at a constant expander inlet pressure.
The pressure selected corresponds to a radiator exit pressure of 1500 psia with a
minimum pressure drop through the top heat exchanger. The variation of compressor
power with expander inlet temperature is shown in Figure 22. The minimum power of
2.07 HP occurs when the top heat exchanger is removed. A schematic of this cycle
with the top and bottom heat exchangers removed is presented in Figure 23.

Table II is a summary of the results of all the hydrogen cycles, with
and without expanders, that were analyzed.

C. Cascade Cycles

As noted previously, cycles without expanders are wholly dependent up-=
on the Joule-Thomson cooling effect and the highest temperature at which these
cycles may reject heat is limited by the inversion of the Joule-Thomson effect for
parahydrogen. This occurs at approximately 360°R. However, maintaining sufficient-
1y large heat exchanger temperatue differences and reasonable overall cycle per-
formance limits the maximum temperature to values of the order of 200°R. Cycles
with expanders circumvent this limitation by removing energy (in part) in the form
of the shaft work of the expanders.

An alternate way to circumvent this limitation is to transfer heat
from the hydrogen to another substance whose Joule-Thomson inversion temperature is
higher. This is the principle of the cascade cycle. A schematic diagram of a
hydrogen-neon cascade cycle is shown in Figure 2L.
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It is worth noting that this i1s not a cascade cycle in the usual
sense, in that cascade usually implies a cascade of vapor compression refrigeration
cycles (for example, Keesom's nitrogen-methane-ethylene-ammonia cascade air lique-
fier). Such a system is dependent upon a Bequencg of substances whose liquid tem-
perature ranges overlap. In the present instance neon may be employed after hydro-
gen since the triple point temperature of neon (9&.0°R) is between the triple point
and critical point temperatures (25.1°R and 59.4°R) of hydrogen and the critical
point temperature of neon (79.5°R) is somewhat greater than that of hydrogen.

However, there is no pure substance suitable lor the next higher tem-
perature range in a vapor compression loop. This is illustrated by the triple
point temperature list of Table III.

TABLE IIX
SUBSTANCES CONSIDERED FOR CASCADE RELIQUEFIERS

Triple Point Critical Point
Substance Temperature Temperature

(°R). (°R)
Parahydrogen 25.1 59.4
Neon .0 79.5
Florine 96.4 -
Nitrogen 113.9 226.9
Oxygen 98.6 -
Argon 151.0 --
Carbon monoxide 122.6 239.2

There is some possibility that a mixture might prove satisfactory.
However, efforts to find a suitable mixture have thus far proven fruitless. A
mixture of argon and neon was thought to be a likely one. From the data of Table
III, the temperature range would appear to be correct. Additionally, it is known
that helium and neon are mutually soluble. Thus, it might be expected that neon
and argon would be mutually soluble since all three of these substances are of the
same chemical family. However, a search of the literature reveals that recent ex-
perimental studies have shown that neon and argon are not soluble.

Use of the hydrogen-neon cycle shown in Figure 24 probably cannot be
Jjustified on the basis of the relatively small difference between the Joule-Thomson
inversion temperatures of neon and hydrogen. However, it might be justified on the
basis of a redundant radiator design to offset meteoroid damage. The general
radiator redundancy design approach involved is discussed in Reference 2. As ap-
plied here, a single hydrogen loop would transfer heat to a number of small neon
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loops operating in parallel with one another. Meteoroid puncture of the radiator
tubes in one of these neon loops would then leave the remainder of the system in
operation. Note that if hydrogen is circulated through a radiator, punctures must
be detected and then isolated by closing valves. The authors of Reference 2 point
out the strong influence of the reliability of the detection devices and valves on
the overall system reliability.

V. RELIQUEFIER COMPONENT DESIGN STUDIES

A. Cycle Selection

It is not possible to make a proper reliquefier cycle selection with-
out quantitative analyses of such factors as radiator meteoroid damage. Such
analyses are beyond the scope of the studies reported herein. Hence, beyond in-
dicating the several applicable classés of cycles and analyzing cycles within these
classes, no selection is attempted. As a consequence, the component studies of
this section are for the most part presented in such a fashion as to make them
broadly applicable to all the cycles of interest. 1In the case of the compressor
design studies, however, a single cycle was employed as the basis of the design.

B. Reliquefier Power Source

Investigations of nuclear power sources and the combustion of hydro-
gen as the sources of the energy required to power the reliquefier compressors may
be summarized as follows. Nuclear power sources presently under development, such
as SNAP 2, result in a mass chargeable to the reliquefaction system which is a
small fraction of the mass of hydrogen recovered by reliquefaction. Next genera-
tion nuclear power sources will result in an almost negligible mass chargeable to
the reliquefaction system. By contrast, the combustion of hydrogen with oxygen
requires approximately 10 pounds of mixture per pound of hydrogen reliquefied.
Hence, this approach would make sense only if there were a requirement for the by-
product water which is formed.

1. DNuclear Power Sources

From the preceding cycle analyses, it is seen that of the order of
10,000 Btu of compressor power must be supplied for each pound of hydrogen religue-
fied. Data for the evaluation of nuclear electrical power sources are included in
Table IV. The electrical power, system mass, and system design life for nine sys-
tems ranging from those currently under development to those in preliminary study
phases are presented.

These data were taken from Reference 3. The electf¥ical energy per
unit system mass computed from the other data of Table IV are presented in the last
column. For the SNAP 2 system currently under development, electrical power equiv-
alent to 69,200 Btu is supplied per 1b of system mass. Comparing this with the
10,000 Btu/lb of hydrogen requirement indicates that O.1l4 1b of the SNAP 2 system
is required to recover one pound of hydrogen boil off. 1In the cases of the more
advanced systems, this value becomes much smaller. For the START system, 0.00557
1b is chargeable to the recovery of one pound of hydrogen boil off. This can, by
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multiplying by the system life of 8755 hrs (one year), be converted to the contri-
bution of this power source to the specific mass of the reliquefier. The result
is 49 1bs/(1b/hr) which is almost negligible compared to the total reliquefier
specific mass estimate of 1000 lbsﬁélb/hr) employed in the preceding application
studies. It is concluded, therefore, that the use of nuclear power sources con-
stitutes a feasible approach to driving the reliquefier compressors.

TABLE IV
SUMMARY OF NUCLEAR EIECTRICAT. POWRR SOURCES CONSIDERED
Electrical Electrical Energy
System Power Mass Time per Unit System Mass
(kw) (1bs) (Btu/1b)
SNAP 10A 0.5 525 1yr 2.85 x 10%
SNAP 2 2 865 | 1yr 6.92 x 10"
SNAP 8 30 1700 |10,000 hr 60.2 x 1ou
SNAP 8% 60 2700 10,000 hr 75.8 x 104
STAR-R (o) 1400 1yr 149.5 x 1olL
START 60 1000 1yr 179.4 - x 10"
SPUR 300 2800 |10,000 hr 365.6 “xglou
T/I REACTOR 300 1200 1 yr THT.T i x 10%
DCR-300 300 1900 1yr Yr2.2 x 10”

¥ High temperature system

2. Hydrogen-Oxygen Reaction

The combustion of hydrogen to supply the energy input for a heat
engine could conceivably supply the reliquefier compressor power input. However,
this is a totally impractical approach unless there is a requirement for the by-
product water which is produced. Assuming lunar night operation, a maximum working
fluid temperature of 2500°R, a sink temperature of 500°R, and a 20 percent engine
efficiency (compared to a thermodynamically reversible cycle), 16 percent of the
heat of combustion of approximately 60,000 Btu/1b could be converted to 9,600 Btu/
1b of hydrogen as mechanical energy. For each 2.016 1b of hydrogen burned, 16.0
Ibs of oxygen are required. Hence, 1,070 Btu of mechanical work is developed per
pound of fuel mixture. Note, however, approximately 10,000 Btu of mechanical
energy are required to reliquefy one pound of hydrogen. Clearly, this is a losing
proposition unless there is a requirement for the water which is produced.
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Ce Radiator

1. Equivalent Thermal Environment

A radiator located on the moon will radiate to and be irradiated
by deep space and the lunar surface. The temperature of the lunar surface will to
some degree be affected by the presence of the radiator. These interactions are
considered herein in determining a simpler yet entirely equivalent radiator thermal
environment for a horizontal radiator. The equivalent thermal environment consists
of a surface of uniform temperature which completely surrounds the radiator. (This
surface is hereafter r:ferred to as the heat sink or simply as the sink.) This
equivalent red’stion environment is quantitatively described by the equivalent sink
temperature and the eg.ivalent ‘et rediation conductance from the radiator to the
sink. It is possible to derive values of these two quantities such that, irrespec-
tive of the radiator teriperature (provided only that it is the same in both cases),
the radiator will exchange the same amount of heat with the equivalent environment
as with the actual environment.

Knowledge of the equivalent sink temperature provides a direct in-
sight into the selection of reliquefi~r cycle operating conditions in that the
fluid temperature at the exit of the radiator must be greater than the equivalent
sink temperature. This equivalent environment approach also results in a con-
siderable simplification of radiator area computations. (However, perhaps the most
important implications are those associated with radiator testing.)

The first step in the analysis is the determination of the heat
transfer characteristics of the lunar crust from measurements of lunar surface tem-
peratures. Shortly after the lunar sunset, the lunar surface temperature approaches
a value of approximately 216°R (Reference 1) which persists through the remainder
of the lunar night. The generally accepted explanation for this is as follows:

At a sufficient depth below the lunar surface, the effects of variations of surface
heat transfer condit ons duri g t'e complete lunar day are damped out and the sub-
strate temperature becomes constant. This constant substrate temperature has been
inferred from s‘rface temperature measurements to be approximately 420°R. Quasi-
steady state heat transfer from ti: lunar sirface to deep space by radiation is
supplied by and equal to the guasi-steady heat transfer from the constant tempera-
ture substrate to the lunar surface. The former heat transfer rate is calculated
from the lunar surface temperature, the temperature of deep space, and the emis-
sivity of the lunar surface. The heat transfer conductance for the latter is then
calcnlat -+ ag.:omin  the . .at transfer in the lunar crust is preponderantly by gray
oy radlit o, cuncy o rf.ce emissivity of 1.0 is employed. This results in a
very slight conservatism in the overall radiator analysis. A deep space tempera-
ture of 20°R is used. However, the results of the analysis are virtually indepen-
dent of this assumption. (This temperature raised to the fourth power is entirely
negligible compared to the lunar surface temperature raised to the fourth power.)

For a unit lunar surface area, the resulting lunar crust radiation
conductance is 0.0752. This number is dimensionless inasmuch as the details of the
analysis are carriec¢ out using the gray body radiation network method of Oppenheim
(Reference 4). (With this method, the potential for radiant heat transfer is taken
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to be the product of the temperature raised to the fourth power and the Stefan-
Boltzmann constant.) The Oppenheim radiation network for this portion of the
analysis is shown in Figure 25-A.

The analysis of the horizontal radiator now proceeds as follows.
Radiant heat transfer from the lunar substrate through the lunar crust to the lower
surface of the radiator or to the lower surface of one or more radiation shields
rlaced under the radiator is considered. This radiant heat transfer is assumed to
be one-dimensional. An emissivity of 0.05 (typical of clean aluminum) is employed
for the lower surface of the radiator and for the aluminized Mylar radiation
shields. XA sketch of a radiator design concept is presented in Figure 26). The
upper surface of the radiator is assumed to be coated in such a manner that an
emissivity of 0.9 is obtained.

The Oppenheim type network employed in analyzing this case is
shown in Figure 25-B for (n) radiation shields where (n) may be zero or a positive
integer. Combining all the radiation resistances in series between the node T
representing the lunar substrate and the node TR representing an element of the
radiator surface in Figure 25-B yields the simpler network of Figure 25-C. The
analysis up through Figure 25-C may be accomplished by the method of Oppenheim or
any of several entirely equivalent techniques described in standard heat transfer
texts.

However, the step from Figure 25-C to Figure 25-D is not covered
in these sources and hence is described in some detail here. The values of the
equivalent radiation conductance (G) and equivalent sink temperature (T.) of Figure
25-D are chosen such that, in combination with the radiator temperature (TR), the
same radiator heat transfer rate is predicted as with the radiation conductances
and temperatures of Figure 25-C. Now, equating the radiator heat transfer rates
yields one equation in two unknowns: The equivalent conductance and the equivalent
temperature. There are, of course, any number of combinations of these two un-
knowns which will satisfy this equation. However, there is only one combination
which is independent of the radiator temperature, nemely,

G = Gy + Cpgg
L
G T + G T
L T, 00 rss ~Ss
Te = G

This combination has the greatest utility and hence is employed in the computations
reported herein.

UNCLASSIFIED - 17 -




MAC A6T3

%rgualdl
60
UNCLASSIFIED VAN NUYS, CALIFORNIA —— 33

Values of the equivalent radiation conductance and the equivalent
sink temperature are plotted in Figures 27 and 28, respectively, as functions of
the number of radiation shields employed under the radiator. The equivalent con-
ductance is little affected by the number of radiation shields. It drops only from
0.930 in the case of no shields to 0.904 in the case of five shields. (As the
number of shields is increased it asymptotically approaches the 0.900 value of the
radiator to deep space conductance (Gr)). This is a consequence of the fact that
even with nc radiation shield, the radiator to lunar substrate conductance (Grsss
is small compared to the radiator to deep space conductance (Gr). By contrast,
the equivalent sink temperature is significantly affected by the number of radiator
shields employed. This temperature drops from 178°R in the case of no radiation
shield to 111°R in the case of five shields. The reason for this is as follows.
The deep space temperature (Toc) is so much smaller than the lunar substrate tem-
perature (T_..) that the first term in the numerator in the above equation is
negligible in spite of the fact that the conductance in this term is many times
that in the second term. This also leads to the somewhat paradoxical result that
the equivalent sink temperature is virtually independent of the deep space tempera-
ture and almost directly proportional to the lunar substrate temperature.

In the cycle analyses reported herein, a radiator exit fluid tem-
perature of 200°R is employed. From the results of Figure 28, temperatures this
low are possible since even in the absence of radiation shields the equivalent sink
temperature is only 178°R. Use of radiation shields will of course reduce the sink
temperature and thereby provide a greater potential for radiant heat transfer.

Only the horizontal radiator is analyzed herein. However, it ap-
bears that a vertical radiator may have considerable merit. Considering both sur-
faces of both types of radiators, they both have the same radiation view factor
with respect to deep space and with respect to the lunar surface. However, the
horizontal radiator completely shields from deep space the portion of the lunar sur-
face which it views, whereas the vertical radiator only partially shields the lunar
surface. Consequently, the vertical radiator on the average views a cooler lunar
surface and hence is able to radiate a greater amount of energy for otherwise iden-
tical deoign conditions. For a lunar equatorial site a vertical radiator may also
be superior from the standpoint of meteoroid damage. Reference 2 indicates the
majority of meteoroids travel in paths near the ecliptic plane. Since the lunar
axis is on the average normal to the ecliptic plane, a vertical radiator at an
equatorial site would provide the minimum projected area in the direction of
greatest meteoroid incidence.

2. Surface Area

As a fluid is cooled in passing through a radiator, the reduction
in fluid temperature results in a reduction in the radiant heat transfer rate per
unit surface area. This effect is considered in a general analysis of radiator
area requirements presented in Appendix D. This analysis is used here to size a
typical total radiator package, that is, all the radiators employed in a relique-
fier cycle. Three radiation shields are considered and hence, from Figures 28 and
27, the equivalent sink temperature and equivalent radiation conduction are 123°R
and 0.907, respectively. From the cycle analysis studies, of the order of 10,000
Btu/hr must be dissipated by the radiators for a 1 1b/hr hydrogen reliquefaction
rate and the typical radiator inlet and exit temperatures are 3LO°R and 200°R, re-
spectively.
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One other piece of data is required in order to apply the analysis
of Appendix D, namely, the surface heat transfer effectiveness. This is defined
as the actual local radiant heat transfer rate divided by the radiant heat transfer
rate that would prevail if the local radiator fin surface temperatures were equal
to the local fluid (hydrogen) temperature. As such, the surface heat transfer ef-
fectiveness includes the effects of the temperature differences associated with
both the convection within the fluid passage and the c¢onduction from the walls of
the fluid passage to the radlation surfaces. The term "surface heat transfer ef-
fectiveness" is used herein since only the effect of the latter is included in the
usual definition of fin heat transfer effectiveness.

Ironically, in the radiator applications considered herein, the
temperature difference between the hydrogen and the tube wall is negligible insofar
as the determination of radiator surface area requirements are concerned and the
surface heat transfer effectiveness is essentially equal to the fin effectiveness.
(This is in part due to the comparatively low radiator temperatures involved.

These tend to make the thermal resistance to radiation large and therefore control-
ling as compared to the convective thermal resistance within the tube.) The fin
dimensions which maximize the heat transfer rate per unit fin mass (for a constant
fin width) are presented in Reference 5 for the case of a constant thickness rec-
tangular fin. The results are somewhat dependent upon the ratio of fin base tem-
Perature to the sink temperature. However, combination of these results with the
more general results of Reference 5 reveals that designing for a fin effectiveness
of 60 percent comes very close to maximizing the heat transfer rate per unit fin
mass for all conditions. Accordingly, this value is used herein.

Following the simple calculation procedure outlined in Appendix D
a total radiator surface area of 1488 sq ft is obtained. Analyses of the fin in-
dicates that for an aluminum fin thickness of 0.010 in. the fin length should be
9.0 in. to attain a fin effectiveness of 60 percent (The coolant tubes would be
spaced 18 in. on centers.) The resulting total fin mass is 214 1bs.

D. 'COMPRESSORS

The preliminary design study of the hydrogen compressor system shown
in Figure 29 was based on the thermodynamic cycle shown in Figure 9. The purpcse
of this design was to evolve a typical configuration that could be used to estab-
lish compressor system weights and to evaluate its feasibility from a technical
and manufacturing viewpoint. The weight of this assembly is estimated to be 200
pounds .

For this initial investigation, the system design point was assumed
to be the pressure and temperature conditions existent in the storage system at the
end of lunar night, i.e., hydrogen gas is at its lowest pressure. Other criteria
used in the design were as follows:
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a. Life (one earth year - lunar night operation): 4383 hrs
b. Pumps: Diaphragm type for a contamination and leak free system
c. Diaphragm materials: 17-T7 PH stainless steel

d. Diaphragm stress: not to exceed 80 percent endurance limit.
Figure 30 shows endurance limits for 17-7. FH stainless steel.

e. Construction: Composite honeycomb where applicable. Used for
stiffness and low weight.

The cycle shown in Figure 9 requires three compressors. The primary
circuit, which processes 1.727 1lbs per hr of hydrogen, has two compressors each
with a pressure ratio of 16.4. The secondary recirculating circuit has a 10.4
pressure ratio compressor. Figure 31 is a schematic of the designed compressor
system which shows the first and second stages of each of the above compressors,
their inlet and exit temperatures and pressures, radiators where needed, operating
speed, and the number of compressor cylinders in each stage.

The mechanical assembly shown in Figure 29 is an arrangement of ten
compressor cylinders (six low pressure and four high pressure; those units that
have a discharge pressure of 1537.5 psia are identified as high pressure units).
The compressors are located around cam shafts and they are stacked in three tiers
on a centrally mounted base plate. An electiic motor mounted on the other side of
this base plate drives through reduction gearing a hydraulic pump and two differ-
ent speed cam shafts. Also mounted on this side of the base plate is a 3-gallon
hydraulic tank with space available for an accumulator if necessary. The complete
assembly i1s installed within a double walled, sealed and insulated container whose
top closure incorporates all of the external piping, electric power, and control
system connections. It is assumed that the two container sections would have
tailored environments, e.g., low temperature-low pressure hydrogen gas in the com-
pressor section and higher pressure hydrogen for convective cooling or heating of
the motor-pump section.

The low pressure compressors are actuated at a rate of 300 times a

minute--a life cycle of 7.9 x 107 cycles. The diaphragm thickness and deflection
is based upon the following relationships presented in Reference 6.

Diaphragm Deflection:

Z/a
a
v, = 0.802 \/E——

Diaphragm Stress: o 3
E 22
o= 0.616 —2 = 0.396 V232
= 0-616 = = 0396 V=7
Where
a = Diaphragm radius, ins.

Uniform pressure,-psi

Young's modulus, psi

q
B
h = Diaphragm thickness, inms.
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Parametric curves of the above relationships are given in Figures 32
and 33. A plot of the volume displaced by diaphragms in the range of interest for
this study is given in Figure 3L.

Volumetric flow rate based upon perfect gas laws, inlet pressure, and
the deflection volume of a spherical sector establishes a. relationshipi’of’diaphragm
diameter to thickness. Table V summarizes the pertinent data used in the compres-
sor design.

wWhen the diaphragm, duc tc inlet pressure, attains full deflection, a
ram piston actuated by a cam controlled hydraulic cylinder starts the compression
stroke. Mechanical deflection of the diaphragm is used because of the low tempera-
ture of the inlet gas. The hydraulic piston is sized for the maximum pressure-aresa
force in the compressor cylinder.

The high pressure compressors (the second stages of the primary and
secondary circuit compressors) are actuated 900 times a minute--a life cycle of

2.37 x 10 cycles. The diaphragm is actuated and supported in the units by an in-
termediate fluid (acetone or toluene). This concept is used because of the high
intake and discharge pressures specified in this cycle and (by the omission of a
radiator between stages) permits the compressor to operate at an average tempera-
ture of about 4OO°R. A membrane bellows separates the hydraulic fluid from the
intermediate fluid. Hydraulic pressure relief valves in the discharge piping pre-
vent over-deflection of the diaphragm by inlet hydrogen pressure.

The electric motor is an 11,000 rpm, 15 HP unit typical of special
designs available from several electric motor manufacturers. By means of a three-
to-one planetary gear set, a typical hydraulic pump with a 3000 psi and 10 gpm
rated capacity is shown. The gear housing incorporates an integral lubrication
system. The opposite end of the motor powers a reduction gear set that drives the
300 and 900 rpm cam shafts.

This preliminary design study shows that a hydrogen compressor system
that uses membrane diaphragms is feasible and that through the use of high strength
materials and existing state-of-the-art fabricating techniques, the component we
weights listed in Table VI can e achieved. Diaphragms are utilized at the present
time in commercial and experimental liquid and gaseous compressors, but their ap-
plication in the configurations presented should have further analysis, design op-
timization, and structural evaluation in order to achieve the 1life, performance,
and weight goals of this system.
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TABLE VI
SUMMARY OF COMPONENT WEIGHTS OF THE COMPRESSOR SYSTEM
Item Description w?i%??
1. Electric motor 30
2. Hydraulic pump 13
3. Pump reduction gear unit 12
b Compressor cam reduction gear unit (Incl. cams, shafts, etc.)
5 Main mounting plate and mounting ring
6. Container 51
T. Compressor mounting plates and support tubes 5
8. End plate (Cover) 8
9. Piping, fittings, and miscellaneous items 5
10. Compressors:
a. Primary lst comp.-lst stage, 2 at 5.25 1lbs = 10.50
b. Primary lst comp.-2nd stage, 1 at 4.25 lbs = L.25
¢. Primary 2nd comp.-lst stage, 1 at L4.75 1lbs = L.T75
d. Primary 2nd comp.-2nd stage, 1 at 3.25 1lbs = 3.25
e. Secondary comp.-lst stage, 2 at 4.75 lbs = 9.50
f. ©Secondary comp.-2nd stage, 3 at 3.25 1bs = _9.75
42.00 1bs Lo
DRY WEIGHT: 178 1bs
1. Hydraulic fluid - 3 gals at approx. T.35 lb/gal 22
SYSTEM WET WEIGHT: 200 1bs

MAC A3

UNCLASSIFIED - 25 -




MAC A3

%quardl

UNCIASSIFIED VAN NUYS, CALIFORMIA sevorr____ O35
VI. CONCLUSIONE

The following conclusions are based on the studies reported herein:

1. For storage periods of the order of one earth year, the total
mass which must be transported in order to supply a given quantity of liquid hydro-
gen can be substantially reduced by tae use of hydrogen reliquefiers.

2. DNight only oreration of a hydrogen reliqueéefier for a
torial site is both desirable and feasible and permits tac wcc of com
simple reliquefier cycles.

3. Nuclear electrical power systems (SNAP systems) constitute feasi- |
ble power sources for hydroger re.iquefiers.

L. T.e omb.otion of hydrogen should not be employed as a reliquefier
power source unless it can be justified solely on the basis of need for the water
produced.

5. Final selection of a reliquefier cycle should reflect detailed cord
sideration of compcnent design requirements which are beyond the scope of the stud-
ies reported herein. In particular, tne meter01d protection requirements for the
radiator should be investigated in detail.

VII. RECOMMENDATTONS

Based on the results of the studies reported herein, the following
recommendations are made:

1. A complete detailed design of a full scale reliquefier for lunar
applications should be prepared to firmly establish the feasibility of the relique-
fier concept and to form the basis for the next item below.

~
2. A reliquefi=r development plan should be prepared considering such
tems as reliquefier test facilities and scheduling of key component subelement
“+
[

S \c.g., Compressor dlaphrabi. tes*'c\

3. Consideration should be given to extending reliquefier investiga-
tions to

a. Other propellants, in particular oxygen
b. Deep space nmissions
c. The preparation at a lunar or orbital base of partiully

solidified prop:llaits to b.: employec« in subsequent deep
spac.. misgsions.
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HAMPSON CYCLE SCHEMATIC
TOTAL COMPRESSOR POWER = 27,350 BTU/HR = 10.75 H.P.
]
RADIATOR 4015 BTU/LB
7O 1575 PSIA
1168°R
' COMPRESSOR
500.4 BTU/LB _ 525 BTU/LB
1500 PSIA (% 8 PSIA
- 200°R 196°R
HEAT -
\/ /\ EXCHANGER
N SAT. VAPOR
55.4 BTU/LB 80 BTU/LB
1170 PSIA 5 q5 GP ! 10 PSIA
81°R 34,5
EXPANS 10N .
VALVE AW = 7.85 LBS/HR
55.4 BTU/LB
10 P3IA 6
34,5°R
SAT. LIQUID
-113 BTU/LB y 4§\€,
10 PSIA _
34,5°R \ ‘T¥ 1
HYDROGEN
TANK
1 LB/HR
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| SCHEMATIC OF HAMPSON CYCLE WITH INTERCOOLING
b TOTAL COIPuL3SOR POWER = 20,040 BTU/HR = 7.88 H.P.

1543 BTU/LB 533 BTU/LB
1537.5 PSI .7 PSIA y
RADIATOR 5uizR5 2303R RADIATOR 1765 BTU/LB
-O- ; Q131,2 PSIA
4 3 | 538°R
J .
COMPRESSOR A
4,05 H.P.
Y
COMPRESSOR
3.83 H.P
500.4 BTU/LB 6 525 BTU/LB
1509 PSIA 63 > DR PSIA
200 R 196°R
HEAT
Y A |exceancer
: SAT. VAPOR
55.4 BTU/LB 80 BTU/LB

VALVE A
W = 7.85 LBS/HR
55.4 BTU/LB 795 /

10 PSIA 8
34,5%R

1170 PSIA 7 ( ) 110 PSIA
8IZR S 34,5°R
EXPANS 10N

SAT. LIQUID

-113 BTU/L3 | 9 (F--e>

10 P3IA L v D
o
3“’5 R v t
HYDROGEN
TANK
1 LB/UR
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SCHEMATIC OF HAMPSON CYCLE WITH THREE STACES OF INTERCOOLING
TOTAL COMPRES30A POWER = 17,800 B3TU/UR = ?7.02 H.P.
526 BTU/LB 1055 BTU/LB S38 BTU/LB 1051 BTU/L3
321,k PSIA 3#061 P3IA 71, § PSIA 90. g PSIA
200°R 338 (/,/1 200°R 340 R 535 BTU/LB
s 7 (e 6 cAoiaton |2 7* ____219.3 PSIA
| RADIATOR .65 g RAVIATUR F‘J—q 200 R
OR COMPRESSOR I
OMPRESSOR 1,59 HePe 1.59 H.P,
1.94 !, P, RADIATOR
1155 BTU/LB TI50 BTU/1b
9§ 152}.7 PSIA 37.9 PSIA
307°R
conpasssoa
RADIATOR PHERESSOR
525 BTU/LB
10¢C = 2 8 PSIA
500.4 BTU/LB 196°R
1503 PsIa
200°R
HEAT
EXCHANGER
1 4 A
. 3AT. VAPCOR
55 4 BTU/LB 80 BTU/L?>
ZO PSIA 11 <g (B], 10 FgIA X
81°R 34.5°R
EXPANS|ON
VALVE %9
55.4. BTU/LB W = 7.85 LBS/l
10 PSIA 12 A 7.85 /iR

34.5°R

SAT. LIQUID
-113 BTU/LB

T
R

10 P3IA
34.5°R
HYDROGEN
TANK
1 LB/HR
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SCHEMATIC OF HAMPSON CYCLE WITH TWO STAGES OF INTERCOOLING
TCTAL COMPRESSOR PONER = 18,900 BTU/HR = 7.42 H.P.
1328 BTU/LB
530 BTU/LB 23g PSIA 535 BTU/LB
211 PSIA 33°8 _—_—-Jﬁiﬁ:’] , 32.3 pSIA
200°R -9 : < " 200°R
o RADIATOR o o Lo N
]
COMPRE}SOR
2.56 1.P. l\‘Essel
COMPR RAD IATOR
2.44 H,P,
1311 BTU/LB 3
1360 BTU/LB 57.3 PSIA
¥ 1523 PS1A 330°R
414°R
COHPREESOR
RAD IAROR
e > () 2
500.4 BTU/LB 525 BTU/LB
149§ PSIA 8 PSIA
200°R 196°R
HEAT
Y A | ExcHAnGER
SAT. VAPOR
gi.u gTU/LB 80 BTU/LB
C PSIA o A ! 10 PSIA
8133 (ﬁ (P ' 34.5%R
EXPANSION b
VALVE E§9 ,
55.[‘\ BTU/LB \W = 7.85 LES/HR
10 FSIA 10
34.5%R
SAP?. LIQUIN
~113 BTU/LB "
10 FSIA
34,5°R
HYDROGEN
TANK
1 LB/HR
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SCHEMATIC OF DUAL PRESSURE CYCLE -« ONE STAGE OF LOW PRESSURE

1646 BTU/LB
1537.5 PSIA

LOOP INTERCOOLING INTEGRAL WITH INTERMEDIATE PRESSURE LOOP
TOTAL POWER = 9160 BTU/HR = 3,60 H.P.

RADIATOR [491°R

4

RADIATOR

6.64 LBS/HRY

500.4 BTU/LBc>5

COMPRESSOR

1995 BTU/LB

-
e~ ‘

185,5 PSIA
35856R

2.602 H,P.

13855
2000R

150g PSIA
200°R

COMPRESSOR
0988 H.Po

2 525 BTU/LB

—>

8 PSIA
196°R

HEAT
y EXC-A.:GER

4.5 BTU/LB iy ZgoB§24:B
2ggRP°I“ 60 @ Q' 80 Bru/iB 56.8°R

10 PSIA

, 34,5°R

EXPALS 10 A
VALVE 54622
LB/HA
4,5 BTU/LB
150 PSIA 7
56.8°R

~.

A\ 1.708 LBS/HR

-33 BTU/LB
150 PSIA 8

0o
56.8"R 1.708

LBS/HR
EXPANS 1ON .
VALVE

<33 BTU/LB ° /
10 PSIA 9
34.5°R

-113 BTU/LB
10 PSIA 1q$}\s
34,5°R \_ v _

l.00 LB/HR
nYDROGEN
TANK
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MINIMIZATION OF TOTAIl COMPRES$OR HOWER
DUAL PRESSURE CYCLE
ONE FTAGE OF |LOW [PRESHURE [LOOP[ INTERCOOLING INTEGRAL
. WITH INTERMEDIATE PRESSURE LOOP
O x
n; /
. LrapraTdR EXIT PRESSURE(PL) =|1500 PSIp
1
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0D 2
K LY ]
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a 1.
8
L
100 110 120 pl 140 150 150 17
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SCHENATIC OF DUAL PRESSURE CYCLE
ONE STAGE OF PRIMARY LOOP INTERCOOLING
TOTAL POWECR = 12150 BTU/UR
4,772 u.p.
1537.5 PSIA
5ul}°R 93.7 PSIA
18h3RTU/IR A 200°R » psI
BTU/LB 131.7 A
RADIATOR 5 r’/' 233 " / RADIATOR 5 533°R
< © li-——c < -0 ~ 1765 BTU/LB
.889 i.F.
COMPRESSORS
3.040 1,P.
RADIATOR | / .37 f?fzfénpsu COMPRESSOR
< o N S—— 1960R f .65 .843 H.P,
15375 519 BTU/LE. ::ifik
¥ PSIA
4530R 196°R
o 1504 BTU/LB
6 L 9:597 Lps/ur 1504 BTV o 4, & rsa
1500 PSIA 525 BTU/1B
2000R
, HEAT
.5C0.4 BTU/LB EXCHANGER
/ A
1200 PSIA CSAT. VAPOR 150 PSIA
52 BTU/LB 10 PSTA 70 BTU/LB
34,59R
EXPANS 10N
VALVE 80 BTU/LB
150 PSIA
56.59R
52 BTU/LB
150 PSIA L
56.50% W) = 1.727 LBS/HR
-30 BTU/LB 727 13S
EXPANS | ON TR
VALVE
10 F3IA
34\.5")R 10
30 BTU/LB
U
v A
34459R y Y {
-113 BTU/LB
10 I'SIA "¥°“°G£"
1 LR/uR
t————
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MINIMIZATION DF TOTAL COMPRESSOR POWER
DUAL PRESSURE CYCLE
Q E_QF FRIMARY LOORINTERGQOIIN(
4
<
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\
2
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a
b |
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|
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SCHEMATIC OF DUAL PRESSURE CYCLE WITH ONE STAGE OF PRIMARY LOOP INTERCOOLING
TOTAL FOWER = 12,030 BTU/HR
= bh.722 H.P,
1546 BTU/LB 531 BTU/LB
. 1557.5 PSI 147,45 T'SIA
140°p 200°R BTU/L
RADIATOR ; aagiaTOR 3 §§§°psu’ ?
o G .65 o < —0 ~ 590°R
.638 1.r.
COMPRESSORS
1504 BTU/LB .87
1537. 58910 b ns, /iR :
RADIATOR [453 R 13 y COMPRESSOR
- < 519BTU/LB
< .65 [<9 J68 pSIA f .65 5.994 H.P,
. .04 | 196°R
Y 1.P.
9.597 LBS/HR 25 BTU/LB
§ o > > O2 ggMA/
500.4 BTU/LB 196°R
1509 P3IA HEAT
200°R EXCHANGER
Y A A
52 BTU/LB SAT. VAPOR
1200 PSIA 7 <>|i’ré5l 80 BTU/LB 70 BTU/LD
81°R 10 FSIA »120 PSIA
EXPANS 10N 34.5°R 205°R
VALVE
52 BTU/LB
150 PSIA
56.5°R -
T—
-30 BTU/LB .
150 PSIA 9 /\yl = 1,727 LBS/HR
56.5°R 1.727
EXPANS 10N LBS/HR
VALVE
=30 BTU/LB
10 PSIA
3.5 °R
-113 BTU/LB '|; >
10 P3IA
v
3"'-503 N v i v
HYDROGEN
e
8
<
¥}
3
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COOLING BETWEEN EXPANSIONS

1546 BTU/LBS 531 BTU/LBS

SCHEMATIC OF DUAL PRESSURE CYCLE WITH ONE STAGE OF PRIMARY LOOP INTERCOOLING

TOTAL COMPRESSOR POWER = 11,460 BTU/HR = 4,50 H.P.

1537.5 PSIA 147,5 PSIA
5023 r/f”1 200°R
g 5

1429.2 BTU/LBS

1537.5 PSIA

roiaves 1990 BTU/1be
RAVIATOR < S '.65 1 5 MD'ATOR : }‘8‘2 ESIA
< O = E— 550°R
L\\‘\LP = 534
COMPRESSORS

0
RADIATOR 429’ R g 518+2 BTU/LB COMPRESSOR
< ‘-—-451320;51“ .65 \HP = .768
¥
HP = 3.20 8.950 LB/HR
525 BTU/LB
y 3 10.287 LB/HR » >3 8 PSIA
500.4 BTU/LB 196°R
150Q PSIA
200°R Y A 1 :::;ANBER
5263 Jam'u/ma8 %’M, 62 BTU/LB
1160 PSIA
80.5°R q’2131.813::-u/x.ﬂ ;3?2821‘
PSIA
EXPANS | ON gq,2°g
VALVE A
52.3 BTU/LB
170 PSIA
58,2°R
-12.5 BTU/LB
170 PSIA 10 QSAT.LIQUID
58.2°R |
HEAT
A | EXCHANGER
-64.3 BTU/LB SAT. VAPOR
86 PSIA " ﬁ>180 BTU/LB
52.2°R 10 PSIA
XPANS | ON 34,5°R
VALVE
-64.3 BTU/L? A
10 PSIA 2 1.337 LB/HR
34,5°R
SAT. LIQUID
-113 BTU/LB 3:5""
10 PSIA v y
34.5°R ¥ HYORDGEN
TANK
1 LB/HR
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MEFIMIZATION| OF TOTAL COMPREISOR FOWER
DPAL PHES3URE CYCHE
ONH STAGE OF HRIMARY LOOH INTERCOOLING
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SCHEMATIC OF DUAL PRESSURE CYCLE WITH ONE STAGE OF INTERCOOLING AND INTEGRAL
HIGH TEMPERATURE REFRIGERATION LOOP WITH EXPANDER

TOTAL COMPRESSOK POWER = 6100 BTU/HR = 2.40 H.P.

1546 BTU/LB 531 BTU/LB

14765 P3IA
200°R
RADIATOR 5 RADIATOR b i§§°p§f§’“
< (e < -0 590°R
.87 H.,P,
PRESSORS
1758 SPPAES
1537.5 PSIA
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APPENDIX A

THERMODYNAMIC DATA FOR HYDROGEN

Hydrogen thermodynamic data from References 7, 8, and 9 are employed
in the studies reported herein. References 7 and 8 are for parahydrogen, whereas
Reference 9 is for 20.4°K (36.7°R) equil’brium hydrogen {99.79 percent parahydro-
gen and ©.2) percent orthoiydroge ). However, t . “iffercices botween the thermo-
dyna: ¢ ro:ertiic of t.ure two types o7 hy'roen -r. very small, and they ure
entirel; reg.igi’:ic for the studies reported herein. For example (from Figure 2
of Reference 9), the maximum difference between the enthalpies of parahydrogen and
orthohydrogen is 303 Btu/lb and occurs for temperatures less than 90°R. Multiply-
ing this enthalpy difference by the 0.21 percent mass fraction of orthohydrogen in
20.4°K equilibrium hydrogen yields a maximum enthalpy difference between parahydro-
gen and 20.4°K equilibrium hydrogen of 0.6 Btu/lb. (An error of 0.6 Btu/lb in the
enthalpy of hydrogen resu’ts in & maximum temperature error of approximately 0.2°R.)
The/authors of Reference . cstimate tne accuracy of their enthalpy data to be 1
Btu/1b.

Changes in the equilibrium ortho-para composition of the hydrogen as
it circulates through a cycle of a r.oliquefier are not considered in the studies
reporte herein. The use oi' a catalyst to speed up the conversion rates between
the para and orthu rorise ol hyiro-<: couvlG coucelvably result in substantial bene-
iits ‘n reliquefier performance. However, this use is not considered herein. 1In
the absence of a catalyst, the time required for an element of hydrogen to make one
circuit of the reliquefier is insufficient for any significant approach to equili-
brium composition to take place. The order of magnitude of this time is one second
wiereas a matter of hours is required for equilibrium to be approached. Of equal
importance i justifyi: . the neglect of composition changes is the fact that at any
instant ouly w very rmull wortieon of the total hydrogen in the storage system is in
the reliquefier. Ovcr long periods of time, the composition will approach a value
corresponding to equilibrium at a time averaged hydrogen temperature. Under these
conditions, the time averaged temperature is essentially equal to the storage tank
temperature and no significant composition change occurs.

In the case of the storage tank thermal transients, there is sufficient
time for equilibrium to be approached. However, the changes in equilibrium composii
tion are not significont. '

T < -t .1y atum of Reference 7 is employed. A correction of 164
Btu/1b is subtracted from the enthalpies of Reference 8 to render them consistent

with those of Reference 7. The former enthalpies are first converted to units of
Btu/1b.by multiplying by the following conversion factor:

Btu/1b
0.8929 cal/gm mole

The enthalpy datum of Referencc 9 ic copurently consistent with that of Reference 7.
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APPENDIX B

ANALYSIS OF HYDROGEN RELIQUEFIER UTILIZATION

B-T. SUMMARY

This appendix describes a brief optimization study which was conducted
to determine the best utilization of a hydrogen reliquefier considering the possi-
bility of variations in hydrogen tank insulation thickness and reliquefaction of
only a portion of the hydrogen boil off. The results indicate that if lhe specific
mass of the reliquefaction system (including the mass of the power source charge- -
able to this system) in 1b/(lb/hr) of hydrogen liquefied is less than the time
period of hydrogen storage in hours, then the use of a reliquefier is advantageous
and all of the boil off should be reliquefied. Further, the optimum storage tank
insulation thickness with a reliquefier is less thaun the optimum value without a
reliquefier. These results are independent of the environmental conditions and
the tank construction.

B-II. NOMENCLATURE
C1 Transport tank mass per unit hydrogen mass, lb/lb
Co Defined by Equation (6), lbg/hr
M Total variable mass (Defined by Equation (1)), 1bs
Mb Mass of hydrogen boil off, lbs
My Mass of tank insulation, lbs
L Hydrogen boil off rate, lbs/hr
my ¥ Hydrogen boil off rate in absence of reliquefier, lbs/hr

Mass of hydrogen reliquefier, lbs

Hydrogen reliquetaction rate, 1bs/hr

Incremental mass of transport tank required to carry an amount of
hydrogen equal to the boil off loss, lbs

£ F S

Mmin Minimum total variable mass without a reliquefier, lbs
S Minimum total variable mass with a reliquefier, 1lbs

S Storage period, hrs

R Reliquefier specific mass, 1lbs/(1b/hr)
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APPENDIX B (Continued)

variable mass is set by a constraint (mb 2 0) rather than a minimum in the
mathematical sense, It should be further noted that minimizing the total variable
mass with respect to the insulation mess must (as ie done above) be accomplished
after the minimization with respect t¢ the religuefaction mass flow rate. To do
80 before involves the implicit assumption that the insulation mass, Mi’ and

the reliquefaction mass flow rate, m,, are independent variables. They are

independent only so long as the constraint, Ty 2 0, is not operative.

To obtain a standard of comparison the minimum total variable mass in the
absence of a reliquefier 1s obtained as follows. Setting the reliquefaction
mss flow rate, m., equal to zero in equation (9) and minimizing the total
variable mass with respect to the insulation by means of the calculus -

9’_4_-0= 026(1+Cl) + 1
aM, T wme
1 My

whence 1/2

M, = ?:29 (1 + cl)} for M=M, (17)
and

1/2
M, =2 Scze (1 + cl)} (18)

The mass of boil-off loss for the conditions which minimize the total variable
mass is obtained by setting the reliquefaction mass flow rate, m. in equation (5)
equal to zero and combining the result with equations (Ut), (6); and (17) -

c,0 %1/2

M, = IFT, for M= Mysn (19)

Combining equations (2) and (19) yields the associated incremental transport
tank mass

1/2
029 /
Mt = Cl 1+¢ (20)

Dividing equation (15) by equation (18) provides a measure of the eaving in
total variable mass assoclated with the utilization of a reliquefier -

Min - r _ ( R 2 (21)

Moan (e (T +0)
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APPENDIX B (Continued)

B-III. ANALYSIS

In the following analysis the total mass of hydrogen and associated equipment
which must be transported to the moon (or any other destimation) to supply a
given mass of nydrogein is minimized with respect to the following two variables:
the mass of boil-off hydrogen vapor reliquefied and the mass of storage tank
insulation employed. In this minimization only that portion of the total mass
which is influenced by these two variables need be considered. This portion
is hereafter referred to as the total variable mass and is equal to the sum of
the mass of the boil-off hydrogen lost, the incremental mass of the transport
tank required to carry a mass of hydrogen equal to the boil-off loss, the mass
of the storage tank insulation, and the mass of the hydrogen reliquefier
(including all mass chargeable to the reliquefier).

M=Mb+Mt+Mi+Mr (1)

- The incremental transport tank mass is assumed to be directly proportional'fo
the additional mass of hydrogen which must be transported to the moon to
offset the boil-off losses.

M, = C\M, (2)

Substituting for the incremental transport tank mass in equation (1) by means
of equation (2)

M=(1+Cl)}-‘ + M +M

o i r (3)

The mass of boil-off hydrogen lost is equal to the boil-off rate times the
duration of hydrogen storage. (Since substantial differences in environmental
conditions exist between the luner night and the lunar day, all mass flow rates
and heat transfer rates should be considered to be time averaged values.)

4, = m9 ()

The boil-off loss rate is equal to that which would exist in the absence of
a reliquefier less the rate at which hydrogen is reliquefied.

m,bzmb*-mr (5)

MAC A672
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APPENDIX B (Continued)

In the absence of a reliquefier the boil-off loss rate is proportional to the
heat transfer rate to the hydrogen. The vast majority of the thermal resistance
to this heat transfer is that associated with the tenk insulation. As a result
the heat transfer rate and the boil-off loss rate are very nearly inversely

proportional to the thickness and thersefore the moss of the insulation.

m* - 2 (6)

where C, is dependent only upon the tank thermal environment, the tank

geometry, and the type of insulation employed. Eliminating mb* from equation (5)
by means of equation (6) and substituting for m_ in equation (4) by means of

the resulting equation yields -

c2
M, = (E; -m) 6 (1)

Defining the reliquefier specific mass, R, as the mass of reliquefier in 1b,
per 1b./hr. of hydrogen reliquefied -

R = (8)

"15 lﬂz

Substituting in equation (3) for M, and M_ by means of equations (7) and (8),
respectively,
c, (1 +¢c)

M=_____M.i.._____+mi+mrin-e(1+cl)¥ (9)

From inspection of equation (9) the total variable mass, M, will be reduced

KR
below that in the absence of a reliquefier (mr = 0) if and only if

R<8 (1 +C,) (10)

Even assuming that the transport tank incremental mass per lb. of hydrogen, Cl,
is very small compared to unity, the total variable mass can be reduced by

the utilization of a reliquefier provided the specific mess of the reliquefier
is less than the duration of storage, i.e.

R <6 (11)
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From inspection of equation (9) , if the employment of a reliquefier is indicated,
the reliquefaction mass flow rate should be as large as possible to minimize

the total variable mess, M. The maximum possible reliquefaction rate is that
corresponding to zero boil-off loss. Setiing the boil-off loss rate in equation
(5) equal to zero and combining the result with equation (6) yields -

02
mr=ﬁ; forM=Mm1n - T (12)
Substituting equation (12) in equation (9) -
RCy
M=M1+—ﬁ; forM:Mmin-r (13)

Minimizing, the total varieble mass, M, with respect to the insulation mass,

M,, by means of the calculus

i)
o, .5
dMi M12
whence
1/2
M, = (BC,) for M= M, _ . (14)

Substituting for M, in equation (13) by means of ‘equation (14) then yields the

i
total variable mess minimized with respect to the mass of insulation ( and the
reliquefaction mess flow rate) -
1/2
Musn - r = 2 (BC,) (25)

1
The mass of the reliquefier for the conditions which minimize the total variable
mass 18 equal to the insulation mass for the same conditlions and is obtained by
combining equations (8), (12), and (14) -

1/2
M, = (RC,) for M =M, _ . (16)

It should be noted thet the total variable mass can not be minimized by the
calculus with respect to the religquefaction mass flow rate due to the fact
that the value of the reliquefaction mass flow rate which minimizes the total
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APPENDIX B (Continued)

Comperison of equations (14) and (17) reveals that the optimum insulation
masses with and without a reliquefier are in the same ratio as the total
variable masses. The employment of a lesser insulation thickness in conjunction

with a reliquefier 18 thus indicated.
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APPENDIX C

TRANSTENT THERMAL ANALYSIS OF THE STORAGE.'TANK

c-I. SUMMARY

The relationship between the amount of heat transferred to a tank con-
taining liquid hydrogen and the pressure rice within the tank is derived herein
from an energy balance. It is assumed that the hydrogen temperature is uniform.

An evaluation of the order of magnitude of the terms appearing in the energy balancs
indicates that, in general, only the change of hydrogen internal thermal energy is
significant; the changes of tank shell internal thermal energy and tank shell strain
energy together contribute less 0.1 percent of the transient energy storage.

C-II. NOMENCLATURE

Hydrogen internal thermal energy, Btu/lb
Hydrogen specific volume, ft3/lb

Mass of hydrogen, lbs

Quality of hydrogen (Mass fraction in vapor phase)
Heat transferred to tank shell, Btu
Pressure, psi

Tank volume, cu ft

Young's modulus, psi

Working stress, psi

Poisson's ratio

Tank shell internal thermal energy, Btu/lb
Hydrogen density, lb/ft3

Tank shell density, 1b/ft”

e o0 ‘b £ }} q = < W o Kx 2B < &

Increment

Subscripts
\' Saturated vapor
L Saturated liquid
m Maximum

Initial

Final

=
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C-IIT. ANALYSIS

An energy balance considering a control volume immediately outside
the tank shell yields

dag =Mdu+ M, du, +pdVv (L)

Equation (1) states that the heat transferred through the tank insulation to the
tank shell is equal to the sum of the increments of the internal thermal energy
of the stored hydrogen, the internal thermal energy of the tank shell, and the
elastic energy of the tank shell.

From the definition of the specific volume,
V=Mv
whence
av = M dy (2)

Substituting Equation (2) in Equation (1) and integrating yields

Ms Ve
Q=M (uf - ug) + T (ugr - usi) + [ Padv (3)
Ve
i

As an aid in the evaluation of the second term in the braces in Equa-
tion (3), the internal thermal energy of parahydrogen is presented in Figure C-1
as & function of pressure and specific volume. The latter variable was selected
because the heating of the hydrogen takes place at nearly constant volume condi-
tions. (The volume of the tank increases very slightly due to the pressure rise
during heating.) The saturated liguid and saturated vapor internal thermal ener-
gies and specific volumes of Reference T were employed in preparing Figure C-1.
(The corrections to the saturated liquid internal thermal energy issued by the
originating agency were incorporated in Reference 7). For selected values of the
specific volume the quality (the mass fraction of the hydrogen in the vapor phase)
was first determined for each pressure from

X = ————— (%)

The internal thermal energy was then calculated using

u=xuy+ (1-x) y, (5)

MAC A2
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It is possible to show that for liquid hydrogen storage the changes
of the tank shell internal thermal energy and :straim energy (represented by the
second and third terms within the braces in Equation (3)) are negligible. To do
this an approximate value of the tank shell mass is required. This is estimated
assuming & uniformly stressed spherical shell. The required shell thickness is
given by

R 4
§-LL (6)
Multiplying this by the shell surface area yields the volume of shell material.
Multiplying this in turn by the density of the shell material yields the shell mass.

3
Ms_____.WP.‘Pd/° (7)

Y o—

Multiplying the volume enclosed by the shell by the hydrogen density yields the ‘
mass of hydrogen stored.

3
M=7fg/° (8)

Dividing Equation (7) by Equation (8) then yields the ratio of the shell mass to
the stored hydrogen mass.

3/°.P

MS
LRy (9)

For 6061-T6 aluminum alloy at cryogenic temperatures,

and for a typical tank shell design

]

Pm 30 psi

=42 1b/ft3
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APPENDIX C (Continued)

whence
Mg
- 0.0468
{Thé& tank shell thickness for this design is 0.045 inch.) For a 20-foot diameter

tank, the hydrogen hydrostatic head is 0.1 psi. Since this is cmall compared to
the tank pressure, the assumption of a uniformly stressed shell should yield sub-
stantially correct estimates of the shell mass.

From Reference 10, the enthalpy change of aluminum from 1.8°R to 54°R
is less than 0.1 Btu/lb. (The internal thermal energy change is slightly less.)
For this temperature change the second term within the braces in Equation (3) is
thus less than 0.005 Btu/lb (of hydrogen). The temperature change associated with
a rise in tank pressure from 10 psia to 30 psia is from 34.3°R to 41.3°R; and,
from Figure C-1, the associated change in hydrogen internal thermal energy amounts
to 16.7 Btu/lb. The contribution of the change of tank shell internal thermal
energy is thus entirely negligible even compared to the change of hydrogen internal
thermal energy for a substantially smaller temperature change.

The order of magnitude of the contribution of the tank shell strain
energy (the third term within the braces in Equation (3)) is estimated for the
same change of tank pressure considered above as follows. The change of hydrogen
specific volume is determined from the change in tank volume.

M=%K=5(1w)%2 (10)

v

The tank shell stress is directly proportional to the pressure.

s
"

-

(11)

11

=
=

From Equations (10) and (11)

Av) .50 -0 22 (ap) - (12)

EP

For the properties of 6061-T6 aluminum alloy listed above and for the pressure
change from 10 psia to 30 psia,

(Av) = 1.355 x 1075 £t /1b

Multiplying this change of specific volume by the maximum pressure of 30 psi (and
converting to thermal units) yields a product which is greater than the third term
within the braces in Equation (3), viz.

P( A)v) = 0.00Th Btu/1b

contribution of the change in tank shell strain energy is thus entirely neg-
igible compared to the change of hydrogen internal thermal energy.
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APPENDIX D
RADIATOR AREA REQUIREMENT

D-T. INTRODUCTION

As a fluid is cooled in passing through a radiator, the reduction in
fluid temperature gives rise to a reduction in the radiant heat transfer rate per
unit surface area. This effect is considered in a general analysis of radiator
area requirements presented herein. To facilitate the application of the analysis,
numerical results are also presented in both tabular and graphical forms.

D-IT. ASSUMPTTONS

The following assumptions are made in the analysis:

1. Steady state

2. Gray body radiation

5. All portions of the radiator surface are exposed to the same
radiation environment

4. Uniform surface heat transfer effectiveness

5. Constant specific heat of the fluid flowing through the radiator

D-TII. NOMENCLATURE
A Radiator surface area, ft2
Ab Radiator surface area_for same heat transfer rate and uniform fluid

temperature of Ty, ft
cy Specific heat at constant pressure, (Btu/1v)/°R
d Differential‘
F Radiation configuration factor between radiator and sink
h Fluid enthalpy, Btu/lb
m Mass flow rate of fluid passing through radiator, lb/hr
q Heat transfer rate, Btu/hr
Ta Bulk average temperature of fluid entering radiator, °R
Ty Bulk average temperature of fluid leaving radiator, °R
. Ty Sink temperature (temperature to which radiator is radiating), °R

n Surface heat transfer effectiveness
o— Stefan-Boltzmann constant = 0.171l4 x 10-8 (Btu/hr)/(ft2 °Ru)

MAC ACW
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APPENDIX D (Continued)

D-IV. ANALYSIS

Consider an infinitesimal section of a radiator of surface arse (4A) in which
a fluid temperature change of (dT) is effected and from which heat is radiated
at a rate of (dq). A steady-state energy balance on this section yields -

dq = -mih (1)

Substituting for (dq) by means of the rate equation for gray body radiation
and substituting cp(d‘r) for (dh) yields -

P - 1) (aA) = -me (am) (2)

The surface heat transfer effectiveness, /( , 18 by definition the rediant heat
transfer rate divided by the radiant heat transfer rate that would prevail if
the local radiator surface temperature were equal to the local fluid temperature.
As such the surface heat transfer effectiveness includes the effects of the
temperature differences associated with both the convection within the fluid
passage and conduction from the walls of the fluid passage to the radiation
surface elements. (The term "surface heat transfer effectiveness" is used
herein since only the effect of the latter is included in the usual definition
of f£in heat transfer effectiveness.) '

Solving equation (2) for the area (dA) required to effect a fluid temperature
change (d'l‘) and then integrating to obtain the total area required to cool
the fluid from its inlet temperature, 'ra, to its exit temperature, Tb -

-mo %
Aw—>= 3
7% Pt (3)

Separation of the integrand into partial fractions and integrating yields -

T
A= 3 /a.rctan ( 2) . arctanh (-.fg) /Tb
20—-F7T T
a
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APPENDIX D (Continued)

whence -

_:2:“_3_ ﬁirctanh (T =) - arctan (—T;) - arctanh (5-) + arctan (3= )} (%)

In the numerical results presented herein the radiator area is normaliszed with
the rediator ares, Ab’ that would be required if the bulk average temperature
of the fluid throughout the radiator were uniform and equal to the value at
the exit, Tb By definition then

q v
B = — (5)
a__F?(Tb - To,)
From an oversll energy balance on the radiator -
q = me (T, - 1) - (6)

Substituting for the heat transfer rate, q, in equation (5) by means of
equation (6) and dividing equation (4) by the resulting equation then yields
the expression employed in the numerical computations -

4
A . {1'(%}

} ?rcunh (;‘i:.') - arctan (:‘E) - arctanh (-:—3) + arctan (:f) (7)

In the special case of the sink temperature, '1'0, approaching zero, equation (7)
becomes an indeterminate form and hence can not be employed for nmumerical
computations. This difficulty is circumvented by deriving the expression
equivalent to equation (7) for this special case. This may be accomplished

in either of two ways: setting the sink temperature, T o’ equal to zero in
equations (3) and (5) and, beginning with equation (3), proceeding along the

same general lines as in the development of equation (7) or by evaluating the
limit of the right hand side of equation (7) from the calculus (using L'Hospital's
‘rule), The result is, of course, the same, namely -

T
G -3 {(T‘U @) a0 @
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The former approach yields, s an intermediate result, the following expression
for the radiator area -

me Tb 3 T
A = --——-P—3 6-(-@—) (Tg)'o (9)
37‘F7Tb a b

Application of Results

The first step in the application of the analysis results is the computation by
means of equation (5) of the radiator surface area, A, that would be required

if the bulk average temperature of the fluid throughout the radiator were uniform
and equal to the value at the exit, Tb‘ The ratio of the actual radiator area

to this radiator area, (A/Ab), is presented in tabular and grephicel forms in
Table D-I and Figure D-1, respectively, as a function of the inlet to exit and
exit to sink temperature ratios, (T,/T,) a.hd(Tb/‘I‘o). The ratio, (A/A ), is
evaluated from a knowledge of the temperatures and then multiplied by Ay, to

yield the actual radiator area, A,
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TABIE D-I
RADIATOR AREA REQUIREMENTS
’1‘0 Sink temperature
Ts Flnid temperature into radiator
Tb Fluid temperature out of radiator
A Radiator surface area
Ab Radiator surface area for same heat transfer rate and uniform
fluid temperature of Ty
/Ty A/Ay
T T T T T
0 (o] [0} o 0
2.0 =2 = 0.4 =2 = 0.5 — =0.6 = = 0.7
% Ty T, T, 5,
1.0 1.0000 1.0000 1.0000 1.0000 1.0000
1.1 0.589 0.825 0.8205 0.8098 0.7897
1.2 0.7022 0.6973 0.6900 0.6756 0.6489
1.k 0.5296 0.52k41 0.5164 0.5010 0.,4733
1.6 0.4199 0.4149 0.4078 0.3938 0.3690
1.8 0.3u4s52 0.3409 0.3345 0.3221 0.3005
2.0 - 0.2917 0.2878 c.281 0.2713 0.25h
2.2 0.2517 0.248 0.2433 0.2337 0.2170
2.4 0.2209 0.2178 0.2134 0.2048 0.1898
2.6 0.1965 0.1937 0.1897 0.1820 0.1686
2.8 0.1768 0.17h1 0.1706 0.1636 0.1515
3.0 0.1605 0.158 0.1549 0.1485 0.1374
3.2 0.1469 0.1448 0.1417 0.1359 0.1257
3.L4 0.1354 0.1334 0.1306 0.1251 0.1158
L4
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